Obesity is a principal causative factor in the development of metabolic syndrome. Here we report that increased oxidative stress in accumulated fat is an important pathogenic mechanism of obesity-associated metabolic syndrome. Fat accumulation correlated with systemic oxidative stress in humans and mice. Production of ROS increased selectively in adipose tissue of obese mice, accompanied by augmented expression of NADPH oxidase and decreased expression of antioxidative enzymes. In cultured adipocytes, elevated levels of fatty acids increased oxidative stress via NADPH oxidase activation, and oxidative stress caused dysregulated production of adipocytokines (fat-derived hormones), including adiponectin, plasminogen activator inhibitor-1, IL-6, and monocyte chemotactic protein-1. Finally, in obese mice, treatment with NADPH oxidase inhibitor reduced ROS production in adipose tissue, attenuated the dysregulation of adipocytokines, and improved diabetes, hyperlipidemia, and hepatic steatosis. Collectively, our results suggest that increased oxidative stress in accumulated fat is an early instigator of metabolic syndrome and that the redox state in adipose tissue is a potentially useful therapeutic target for obesity-associated metabolic syndrome.
Introduction
Multiple risk factor syndrome or metabolic syndrome (i.e., the coexistence of several risk factors for atherosclerosis, including hyperglycemia, dyslipidemia, and hypertension in the same individual) is a growing medical problem in industrialized countries (1) (2) (3) . Obesity is the central and causal component in this syndrome (4) (5) (6) (7) , but the mechanistic role of obesity has not been fully elucidated.
Adipocytes produce a variety of biologically active molecules (4-9), collectively known as adipocytokines or adipokines, including plasminogen activator inhibitor-1 (PAI-1) (10), TNF-α (11, 12) , resistin (13, 14) , leptin (15) (16) (17) , and adiponectin (18) (19) (20) (21) . Dysregulated production of these adipocytokines participates in the pathogenesis of obesity-associated metabolic syndrome. Increased production of PAI-1 and TNF-α from accumulated fat contribute to the development of thrombosis (10) and insulin resistance (11, 12) , respectively, in obesity. In contrast, adiponectin exerts insulin-sensitizing (22) (23) (24) (25) and anti-atherogenic effects (26) (27) (28) , and hence a decrease in plasma adiponectin is causative for insulin resistance and atherosclerosis in obesity. However, the mechanisms by which fat accumulation leads to such dysregulation of adipocytokines have not been elucidated.
Oxidative stress plays critical roles in the pathogenesis of various diseases (29) . In the diabetic condition, oxidative stress impairs glucose uptake in muscle and fat (30, 31) and decreases insulin secretion from pancreatic β cells (32) . Increased oxidative stress also underlies the pathophysiology of hypertension (33) and atherosclerosis (34) by directly affecting vascular wall cells.
In the present study, we suggest that obesity per se may induce systemic oxidative stress and that increased oxidative stress in accumulated fat is, at least in part, the underlying cause of dysregulation of adipocytokines and development of metabolic syndrome. As an early instigator of obesity-associated metabolic syndrome, increased oxidative stress in accumulated fat should be an important target for the development of new therapies.
Results
Oxidative stress and plasma adiponectin levels in human obese subjects. To investigate whether oxidative stress is increased in obese subjects, we measured lipid peroxidation, a marker of oxidative injury, in nondiabetic human subjects. Lipid peroxidation, represented by plasma thiobarbituric acid reactive substance (TBARS) and urinary 8-epi-prostaglandin-F2α (8-epi-PGF2α), significantly correlated with BMI and waist circumference ( Figure 1A ). Plasma adiponectin levels correlated inversely with BMI and waist circumference ( Figure 1A ), as we reported previously (21) . We also found significant inverse correlations between plasma adiponectin and plasma TBARS and between plasma adiponectin and urinary 8-epi-PGF2α ( Figure 1B ). These results of human studies allowed us to hypothesize that fat accumulation itself could increase systemic oxidative stress independent of hyperglycemia, and that increased oxidative stress in obesity might relate to the dysregulated production of adipocytokines.
Increased oxidative stress in plasma and white adipose tissue of KKAy mice. To determine whether fat accumulation is primarily involved in increased oxidative stress, we analyzed 7-week-old KKAy mice as a model of nondiabetic obesity, and 13-week-old KKAy mice as a model of diabetic obesity. KKAy mice exhibit severe obesity, hyperlipidemia, and insulin resistance. Compared with age-matched control C57BL/6 mice, KKAy mice at 7 and 13 weeks of age were significantly heavier ( Figure 2A ) and had a heavier parametrial fat pad (Figure 2A ). The increase in plasma glucose was marginal in 7-week-old KKAy mice, but 13-week-old KKAy mice showed significant hyperglycemia relative to C57BL/6 mice ( Figure 2A) . Surprisingly, plasma lipid peroxidation in nondiabetic 7-week-old KKAy mice was significantly higher than in control mice, and was similar to that in diabetic 13-week-old KKAy mice ( Figure 2A) . Moreover, plasma levels of H 2 O 2 , a hazardous ROS against tissues and cells, were also elevated in nondiabetic and diabetic KKAy mice compared with C57BL/6 mice ( Figure 2A ). These results demonstrated that oxidative stress in blood was augmented in obesity, that is, fat accumulation, independent of hyperglycemia.
Next, we determined the tissue type that could be responsible for the increased oxidative stress in plasma of obese mice. Lipid peroxidation was markedly elevated in white adipose tissue (WAT) of 7-and 13-week-old KKAy mice compared with C57BL/6 mice ( Figure 2B ). In contrast, the levels of lipid peroxidation in the liver and skeletal muscle were similar between KKAy and C57BL/6 mice at both 7 and 13 weeks of age ( Figure 2B ). Furthermore, H 2 O 2 production from WAT was significantly higher in 7-week-old KKAy mice than in the control mice ( Figure 2C) . In contrast, H 2 O 2 production from skeletal muscle and aorta was not altered in KKAy mice ( Figure 2C) .
Similarly, plasma levels of lipid peroxidation were elevated in other mouse models of obesity, including the diet-induced obesity (DIO) model and another genetic model of obesity (db/db mice) (Supplemental Figure 1 , A-D; supplemental material available at http://www.jci.org/cgi/content/full/114/12/1752/DC1). Similar increases in lipid peroxidation were observed in WAT, but not in the liver or skeletal muscle, of these obese mice (Supplemental Figure 1E) . These results suggest that, in obesity, increased oxidative stress in plasma is due to increased ROS production from accumulated fat.
Dysregulated mRNA expressions of adipocytokines and PPARγ in WAT of KKAy mice. The mRNA expressions of adiponectin and PPARγ were lower in WAT of 7-and 13-week-old KKAy mice compared with C57BL/6 mice ( Figure 3A) . In contrast, the mRNA expressions of PAI-1 and TNF-α were high relative to the corresponding levels in the control mice ( Figure 3A ). We also found that plasma adiponectin levels were lower in KKAy mice than in C57BL/6 mice at both 7 and 13 weeks of age (19.7 ± 0.8 µg/ml vs. 26.2 ± 1.0 µg/ml, P < 0.001 at 7 weeks of age, 16.0 ± 0.9 µg/ml vs. 25.5 ± 1.8 µg/ml, P < 0.001 at 13 weeks of age). Thus, dysregulated expressions of adipocytokines already existed in the nondiabetic obese stage.
Increased mRNA expression of NADPH oxidase in WAT of KKAy mice. NADPH oxidase complex is a major source of ROS in various cells (35, 36) . Increased NADPH oxidase activity in vascular cells has been reported to be important in the pathogenesis of hypertension and atherosclerosis by increasing oxidative stress (36) . In order to investigate the possible role of augmented NADPH oxidase in increased ROS production, we determined the mRNA expression of NADPH oxidase in WAT of KKAy mice.
The NADPH oxidase complex consists of membrane-associated flavocytochrome b 588 protein, which is composed of gp91 phox and p22 phox , and cytosolic components p47 phox , p67 phox , and p40 phox . In C57BL/6 mice, the mRNA expression of each oxidase subunit was detected in WAT, and the expression levels of most subunits were quite high in WAT compared with other tissues tested ( Figure 3B ). The mRNA expression levels of these NADPH oxidase subunits were significantly augmented in WAT of nondiabetic 7-week-old KKAy mice, and they were even higher in WAT of diabetic 13-week-old KKAy mice compared with the control mice ( Figure 3C ). In contrast, the mRNA expression levels of these subunits in the liver and skeletal muscle of 7-and 13-week-old KKAy mice were similar to those of control mice ( Figure 3D ). We also found that the mRNA expression level of transcription factor PU.1, which is known to upregulate the transcription of NADPH oxidase subunits in myeloid cells (37) , was also elevated in WAT ( Figure 3C ), but not in the liver or in skeletal muscle ( Figure 3D ) of KKAy mice compared with C57BL/6 mice. Similar mRNA changes of NADPH oxidase subunits were observed in WAT, but not in liver or skeletal muscle, of both DIO and db/db mice (Supplemental Figure 1 , F and G). These results indicate that the NADPH oxidase pathway is specifically induced in WAT of obese mice. Decreased mRNA expressions and activities of antioxidant enzymes in WAT of KKAy mice. In the next step, we measured the expressions of antioxidant enzymes including superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase. At 7 weeks of age, the mRNA expression levels of cytoplasmic Cu,Zn-SOD, GPx, and catalase were significantly lower in WAT of KKAy mice, compared with C57BL/6 mice ( Figure 4A ). The expressions of Cu,Zn-SOD and catalase were also lower in WAT of 13-week-old KKAy mice, compared with C57BL/6 mice ( Figure 4A ). In contrast, the mRNA expression levels of these antioxidant enzymes in the liver and skeletal muscle of KKAy mice were similar to those of C57BL/6 mice ( Figure 4A ). The amount of Cu,Zn-SOD protein was also lower in WAT, but not in the liver and skeletal muscle, of KKAy mice compared with C57BL/6 mice ( Figure 4B ). Furthermore, total SOD activities ( Figure 4C , left) and GPx activities ( Figure 4C , right) were also significantly and specifically lower in WAT of KKAy mice than in the control mice. Similar mRNA decreases of Cu,Zn-SOD and GPx were observed in WAT, but not in liver or skeletal muscle, of DIO and db/db mice (Supplemental Figure 1 , F and G). Taken together, these results indicate that increased ROS production in accumulated fat is due to the activated NADPH oxidase pathway and impaired antioxidant defense system ( Figure 4D ).
ROS production in adipocytes. We next examined the significance of ROS in cultured adipocytes. ROS production was markedly increased during differentiation of 3T3-L1 cells into adipocytes ( Figure 5A ), suggesting that ROS production increases in parallel with fat accumulation in adipocytes. We then determined the cellular pathway involved in increased ROS production in mature adipocytes, including NADPH oxidase, xanthine oxidase (34) , and mitochondria-mediated (38) pathways. ROS production in fully differentiated 3T3-L1 adipocytes was markedly suppressed by 2 structurally unrelated inhibitors of NADPH oxidase, diphenyleneiodonium (DPI) and apocynin, as well as the general antioxidant N-acetyl-cysteine (NAC) ( Figure 5B ). In contrast, ROS production in 3T3-L1 adipocytes was not suppressed by oxypurinol, an inhibitor of xanthine oxidase, rotenone, an inhibitor of mitochondrial electron transport chain complex I, or thenoyltrifluoroacetone, an inhibitor of complex II ( Figure 5B ). These results suggest that NADPH oxidase is the major source of ROS in adipocytes, and that augmented NADPH oxidase seems to contribute to increased ROS production in adipose tissue in obesity.
It has been reported that in cultured vascular cells, free fatty acids increase NADPH oxidase activity (39) . In the next experiment, we investigated whether free fatty acids could induce ROS production in 3T3-L1 adipocytes. ROS production was significantly increased by incubation with linoleic acid (Figure 5B ), as well as with other types of fatty acids such as oleic acid and arachidonic acid (data not shown). The effect of linoleic acid was abolished by NADPH oxidase inhibitors, but not by other types of inhibitors ( Figure 5B ). These results suggest that increased levels of fatty acid in accumulated fat seem to stimulate ROS production in adipose cells through the activation of NADPH oxidase.
Effect of ROS on the expression levels of various genes in adipocytes. Next, we examined the effect of ROS in 3T3-L1 adipocytes. Fully differentiated 3T3-L1 adipocytes were exposed to ROS either by treating the cells with H 2 O 2 directly, or by an enzymatic method using xanthine oxidase to generate superoxide. The mRNA expression levels of adiponectin and PPARγ were diminished by incubation with H 2 O 2 ( Figure 6A ) in a dose-dependent manner. In contrast, ROS increased the mRNA expression levels of PAI-1, IL-6, and monocyte chemotactic protein-1 (MCP-1) in 3T3-L1 adipocytes ( Figure 6A ). These changes were also observed by incubation with xanthine oxidase and hypoxanthine (data not shown). Antioxidant NAC reversed the effects of H 2 O 2 on the expression levels of these genes to normal levels ( Figure 6B ). We also found that H 2 O 2 increased the mRNA expression levels of NADPH oxidase subunits and PU.1 ( Figure 6C ), suggesting that ROS itself might augment the NADPH oxidase pathway. Adiponectin secretion by 3T3-L1 adipocytes was also decreased following incubation with H 2 O 2 , and NAC abrogated the effect of H 2 O 2 ( Figure 6D ). Using a reporter construct containing adiponectin promoter (40) , ROS reduced the transcriptional activity of the adiponectin gene in 3T3-L1 adipocytes, and NAC reversed these effects ( Figure 6E ). These results indicate that ROS downregulated adiponectin expression at the transcriptional level, suggesting that treatment with antioxidants or inhibitors of ROS production might restore the dysregulation of adipocytokines.
Effect of NADPH oxidase inhibitor on adipocytokine expression and glucose and lipid metabolism in KKAy mice. To test the therapeutic effects of the above experimental observations, we treated KKAy mice with the NADPH oxidase inhibitor apocynin (41), and then we examined the effects on adipocytokine expression and obesityassociated metabolic disorders. Apocynin is a well-characterized inhibitor of NADPH oxidase activity and is known to impede the assembly of the p47 phox subunit with the membrane complex (42) . Apocynin is also effective at inhibiting ROS production in various cells in vivo (43, 44) . Six-week treatment with apocynin did not affect body weight ( Figure 7A ) or food intake (data not shown) in control or KKAy mice. Lipid peroxidation and H 2 O 2 production in WAT were significantly lower in apocynin-treated KKAy mice than controls ( Figure 7 , B and C), indicating that NADPH oxidase inhibition reduced oxidative stress in WAT. Similar to the results shown in Figure 2 , lipid peroxidation was not altered in the liver and skeletal muscle of KKAy mice, compared to control mice, and it was not affected by apocynin treatment (Supplemental Figure 2) . Apocynin treatment increased the mRNA expression of adiponectin in WAT of KKAy mice ( Figure 7D ), and such an increase was associated with a rise in plasma adiponectin concentration ( Figure 7E ). Apocynin also decreased the mRNA expression of TNF-α in WAT of KKAy mice ( Figure 7D ). Apocynin treatment significantly reduced plasma glucose and insulin in KKAy mice but not in C57BL/6 mice ( Figure 7F ). Plasma triglyceride (TG) levels were also lower in apocynin-treated KKAy mice ( Figure 7F ). Furthermore, apocynin treatment significantly reduced hepatic TG content in KKAy mice ( Figure 7G ), suggesting that apocynin could ameliorate hepatic steatosis in KKAy mice. These results showed that inhibition of NADPH oxidase in KKAy mice significantly decreased ROS production by WAT, attenuated the dysregulated production of adipocytokines, and improved the obesity-associated disorders in glucose and lipid metabolism.
Discussion
Obesity is closely associated with metabolic syndrome (1-3) . Recent studies have shown that the dysregulated production of "offensive" adipocytokines, such as PAI-1 (10), TNF-α (11, 12), IL-6 (45), MCP-1 (46), and angiotensinogen (47), and of "defensive" adipocytokines, such as adiponectin (18) (19) (20) and leptin (15) (16) (17) , is critically involved in the pathogenesis of metabolic syndrome. However, the mechanisms by which fat accumulation leads to abnormal expression of adipocytokines and development of metabolic syndrome have not been fully elucidated.
In the present study, we have demonstrated that, in nondiabetic human subjects, fat accumulation closely correlated with the markers of systemic oxidative stress. These data are in good agreement with recent studies suggesting that systemic oxidative stress correlates with BMI (48, 49) . In addition, we demonstrated that plasma adiponectin levels correlated inversely with systemic oxidative stress. We then reproduced the results of our human studies in several mouse models of obesity, including KKAy, db/db, and DIO mice. The main finding of the present study is that oxidative stress in accumulated fat mediates the obesity-associated development of metabolic syndrome by the following potential mechanisms: (a) increased oxidative stress in accumulated fat leads to dysregulated production of adipocytokines, and (b) the selective increase in ROS production in accumulated fat leads to elevation of systemic oxidative stress.
Plasma adiponectin levels correlated inversely with the markers of systemic oxidative stress in nondiabetic human subjects. In cultured adipocytes, addition of oxidative stress suppressed mRNA expression and secretion of adiponectin, and it also increased PAI-1, IL-6, and MCP-1 mRNA expression. Furthermore, treatment with the NADPH oxidase inhibitor apocynin reduced oxidative stress in WAT and increased plasma adiponectin levels in KKAy mice. These results indicate that a local increase in oxidative stress in accumulated fat causes dysregulated production of adipocytokines. Recently, we reported that PPARγ positively regulates the transcription of the adiponectin gene via PPARγ-responsive element in the promoter (40) . We showed that oxidative stress suppressed PPARγ mRNA expression in 3T3-L1 adipocytes. It was also shown that nuclear translocation of PPARγ was inhibited by nitration associated with oxidative stress (50) . Therefore, downregulation of adiponectin expression may be partially attributed to the decreased gene expression and smaller amount of nuclear PPARγ under conditions of oxidative stress.
In the present study, H 2 O 2 production was increased only in adipose tissue of obese mice, but not in other tissues examined, including the liver, skeletal muscle, and aorta. These results suggest that adipose tissue is the major source of the elevated plasma ROS. Oxidative stress is known to impair both insulin secretion by pancreatic β cells (32) and glucose transport in muscle (30) and adipose tissue (31) . Increased oxidative stress in vascular walls is involved in the pathogenesis of hypertension (33) and atherosclerosis (34) . Oxidative stress also underlies the pathophysiology of hepatic steatosis (51) . Thus, oxidative stress locally produced in each of the above
Figure 4
Decreased mRNA expressions and activities of antioxidant enzymes in WAT of obese KKAy mice. (A) The mRNA expressions of Cu,Zn-SOD, Gpx, and catalase in WAT, liver, and skeletal muscle of C57BL/6 (white bars) and KKAy (black and gray bars) mice at 7 and 13 weeks of age. Values are normalized to the level of cyclophilin mRNA, and expressed as mean ± SEM (n = 6-8). (B) Immunoblot analysis of the amount of Cu,Zn-SOD protein in WAT, liver, and skeletal muscle of C57BL/6 and KKAy mice at 7 and 13 weeks of age. (C) Total SOD activities (left) and GPx activities (right) in WAT, liver, and skeletal muscle of C57BL/6 (white bars) and KKAy (black and gray bars) mice at 7 and 13 weeks of age. Values are expressed as mean ± SEM (n = 6-8). (D) Model illustrating increased production of oxidative stress in accumulated fat. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with C57BL/6 mice. tissues seems to be involved in the pathogenesis of these diseases. Our results suggest that increased ROS secretion into peripheral blood from accumulated fat in obesity is also involved in induction of insulin resistance in skeletal muscle and adipose tissue, impaired insulin secretion by β cells, and pathogenesis of various vascular diseases such as atherosclerosis and hypertension.
Why is oxidative stress increased only in accumulated fat? We found that in WAT but not other tissues of obese mice, the mRNA expression levels of NADPH oxidase subunits increased, and mRNA expression levels and activities of antioxidant enzymes decreased. We also found a high level of mRNA expression of the transcription factor PU.1, which upregulates the transcription of the NADPH oxidase gene (37) in adipose tissue of obese mice. Recently, Weisberg et al. (52) and Xu et al. (53) reported that macrophages infiltrated the obese adipose tissues and were an important source of inflammatory cytokines. Since macrophages are also known to produce ROS, it is possible that infiltrated macrophages are involved in augmented NADPH oxidase and elevated ROS production in the obese adipose tissue. In this regard, a family of gp91 phox homologs, termed NOX (NADPH oxidase) proteins, has been reported to be expressed in nonphagocytic cells, not in macrophages (54, 55) . Recent studies of adipocytes found that NOX4, a member of the NOX family, plays a role in the generation of H 2 O 2 (56) . The expression of NOX4 was not detected in macrophages (57, 58) . In contrast, we found high expression levels of NOX4 in WAT, as well as gp91 phox , and mRNA expression of NOX4 was significantly increased in WAT of obese mice (Supplemental Figure 3, A and B) . These results suggest that adipose NADPH oxidase is elevated and contributes to ROS production in accumulated fat.
We demonstrated that ROS production was increased in 3T3-L1 adipocytes, in parallel with fat accumulation and by incubation with linoleic acid, in a NADPH oxidase-dependent manner. These results suggest that in accumulated fat, elevated levels of fatty acids activate NADPH oxidase and induce ROS production. We also demonstrated that ROS itself augmented mRNA expressions of NADPH oxidase subunits, including NOX4 (Supplemental Figure 3C ) and PU.1 in adipocytes. Therefore, in accumulated fat of obesity, elevated ROS appear to upregulate mRNA expression of NADPH oxidase, establishing a vicious cycle that augments oxidative stress in WAT and blood. We found that ROS increased the expression of MCP-1, a chemoattractant for monocytes and macrophages, in adipocytes. Byproducts of lipid peroxidation by ROS, such as trans-4-hydroxy-2-nonenal and malondialdehyde, are themselves potent chemoattractants (59). Hence, it is possible that increased ROS production and MCP-1 secretion from accumulated fat should cause infiltration of macrophages and inflammation in adipose tissue of obesity.
Importantly, our in vivo study revealed that treatment with the NADPH oxidase inhibitor apocynin reduced ROS production in adipose tissue of KKAy mice. It also improved hyperinsulinemia, hyperglycemia, hypertriglyceridemia, and hepatic steatosis. Increased expression of adiponectin and decreased expression of TNF-α were observed in WAT of apocynin-treated KKAy mice, demonstrating that reduction of oxidative stress in accumulated fat could improve the dysregulation of adipocytokines in vivo. Our results demonstrate that treatment with NADPH oxidase inhibitor is effective in ameliorating the development of obesityassociated metabolic syndrome. It has been reported that prolonged exposure of 3T3-L1 adipocytes to ROS results in impairments of insulin-induced activation of PI3-kinase and Akt, insulin-stimulated lipogenesis, glucose uptake, and GLUT4 translocation to the plasma membrane (31, 60) . Thus, NADPH oxidase inhibitors might improve insulin sensitivity via suppression of these effects induced by chronic exposure to ROS. Our current results are consistent with several previous studies demonstrating that antioxidant treatment improves insulin function in diabetic subjects (61, 62) .
Recent studies, on the other hand, have proposed that ROS such as H 2 O 2 are produced transiently in response to insulin stimulation and also act as a second messenger for insulin signaling in adipocytes (63, 64) . NADPH oxidase is thought to be involved in insulin-induced ROS generation (63, 64) . We assume that a transient increase of intracellular ROS is important for the insulin signaling pathway, while excessive and long-term exposure to ROS reduces insulin sensitivity and impairs glucose and lipid metabolism.
In the present study, we observed stimulation of ROS production by fatty acids via NADPH oxidase activation. In addition, we also found that ROS suppressed the mRNA expressions of lipogenic genes, such as fatty acid synthase and sterol regulatory element binding protein-1c, in 3T3-L1 adipocytes (data not shown). These results suggest that increased ROS production caused by fat accumulation may prevent further lipid storage, but may simultaneously cause dysregulated expression of adipocytokines and insulin resistance. Conceivably, inhibition of NADPH oxidase should improve the dysregulation of adipocytokines and insulin sensitivity via restoration of normal ROS production in obese adipocytes. Figure 8 illustrates our working hypothesis regarding the role of ROS in metabolic syndrome. Increased oxidative stress in accumulated fat, via increased NADPH oxidase and decreased antioxidant enzymes, causes dysregulated production of adipocytokines, locally. Increased ROS production from accumulated fat also leads to increased oxidative stress in blood, hazardously affecting other organs including the liver, skeletal muscle, and aorta. We propose that increased oxidative stress in accumulated fat is an early instigator and one of the important underlying causes of obesity-associated metabolic syndrome, hence, the redox state in adipose tissue is a potentially useful target in new therapies against obesity-associated metabolic syndrome, as we demonstrated in the mouse in vivo study.
Methods
Subjects. Plasma and urinary samples were obtained after overnight fasting from 140 subjects (69 men and 71 women; mean age 56 ± 13 SD) who visited the University hospital for a healthy checkup. Patients with a history of diabetes, cardiovascular or cerebrovascular disease, hepatic or renal disease,
Figure 6
Effects of ROS on gene expressions in 3T3-L1 adipocytes. (A and B) The mRNA expression levels of adiponectin, PAI-1, PPARγ, IL-6, and MCP-1 in 3T3-L1 adipocytes exposed to ROS, with or without antioxidant NAC. Fully differentiated 3T3-L1 adipocytes were exposed to ROS by incubation with H2O2. Values are normalized to the level of cyclophilin mRNA and expressed as mean ± SEM (n = 3). (C) The mRNA expression levels of NADPH oxidase subunits and PU.1 in 3T3-L1 adipocytes exposed to ROS. Values are normalized to the level of cyclophilin mRNA. (D) Effects of H2O2 and NAC on adiponectin secretion from 3T3-L1 adipocytes. Adiponectin levels in the media were determined by Western blotting (inset) and the values were quantified using a densitometer. (E) Effects of ROS and NAC on the transcriptional activity of adiponectin promoter in 3T3-L1 adipocytes. RLU, relative luciferase units. Values are expressed as mean ± SEM (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with control. tobacco abuse, or those on hormone replacement therapy were excluded. The study protocols complied with the Guidelines of the Ethical Committees of Osaka University and University of the Ryukyus. Informed consent was obtained from all subjects. Samples were stored at -80°C until use.
Animals. All animals were purchased from Clea Japan and housed in a room under controlled temperature (23 ± 1°C) and humidity (45-65%) and had free access to water and chow (Oriental Yeast Co.). All animal experiments were conducted in accordance with the aforementioned institutional guidelines for the care and use of laboratory animals. Female C57BL/6J and KKAy mice at 7 or 13 weeks of age were anesthetized using pentobarbital sodium, blood was collected, and parametrial WAT, liver tissue, and gastrocnemius muscle were dissected out and frozen in liquid nitrogen. Samples were stored at -80°C until use. For DIO studies, male C57BL/6J mice were divided at random into 2 groups at 10 weeks of age. The first group was fed a high-fat diet containing 30% fat by weight (AIN93G) while the second group was fed normal chow containing 5.9% fat by weight (CRF-1; Oriental Yeast Co.) for 9 weeks. After an overnight fast, mice were anesthetized, and blood and tissue samples were obtained as described above.
Biochemical measurements. Urinary 8-epi-PGF2α was determined using an enzyme immunoassay kit (Assay Designs Inc.). Plasma levels of glucose and TG were measured using the Glucose-test and TG E-test, respectively, from Wako Pure Chemical Industries. Plasma adiponectin levels were determined using the Adiponectin ELISA kit (Otsuka). Plasma insulin levels were assessed using an insulin ELISA kit (Shibayagi).
Lipid peroxidation and hydrogen peroxide concentration. Tissue samples were homogenized in a buffer solution containing 50 mM Tris-HCl (pH 7.4) and 1.15% KCl, and then centrifuged. The supernatant was used for the assay. The levels of lipid peroxidation in plasma and tissue homogenate were measured as TBARS using the LPO-test (Wako Pure Chemical Industries). Hydrogen peroxide concentration in plasma was measured using an Amplex Red hydrogen peroxide assay kit (Invitrogen Corp.). 
Figure 8
A working model illustrating how increased ROS production in accumulated fat contributes to metabolic syndrome.
